Integration of nanowires and nanoparticles of energetic materials into semiconducting structures is giving birth to "nanoenergetics-on-a-chip" technology. Understanding and controlling the reactions of nanoenergetic materials pose a theoretical challenge for combining quantum-mechanical accuracy with large scales to capture nanostructural effects. Recent developments in linear-scaling density functional theory have set a stage for first-principles molecular dynamics simulation of thermite reaction at an Al/ Fe 2 O 3 interface. Here, we report the finding of a concerted metal-oxygen flip mechanism that enhances mass diffusion and reaction rate at the interface. This mechanism leads to two-stage reactions, which may explain recent experimental observation in thermite nanowire arrays. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3189143͔
Recent advances in the integration of nanowires and nanoparticles of energetic materials into semiconducting electronic structures have opened up the possibility of "nanoenergetics-on-a-chip ͑NOC͒" technology, which has a wide range of potential applications, such as micropropulsion in space and nanoairbags to drive nanofluidics. 1, 2 Most widely used energetic materials for device integration are thermites, which are composites of metals and oxides. These materials have enormous energy release associated with the highly exothermic reduction/oxidation ͑redox͒ reactions to form more stable oxides. For example, arrays of Fe 2 O 3 ͑Ref. 3͒ and CuO ͑Ref. 4͒ nanowires embedded in an Al matrix have been deposited on solid surfaces. Another example of thermite nanostructures is self-assembly of an ordered array of Al and Fe 2 O 3 ͑Ref. 5͒ ͓or CuO ͑Ref. 6͔͒ nanoparticles.
The integration of nanoenergetic materials into electronic circuits requires fundamental understanding and precise control of reaction rates and initiation time. The reactivity of nanoenergetic materials is known to differ drastically from their micron-scale counterparts. For example, experimental studies on the combustion of nanothermites, such as Al/ Fe 2 O 3 ͑Ref. 7͒ and Al/ MoO 3 , 8 have shown that flame propagation speeds approach km/s when the size of Al nanoparticles is reduced to below 100 nm, in contrast to cm/s for traditional thermites. Another example is the two-stage reaction of Al/ CuO-nanowire thermite, in which the first reaction takes place at 500°C followed by the second reaction at 660°C ͑i.e., Al melting temperature͒. 4 Such peculiar reactive behaviors of nanothermites cannot be explained by conventional mechanisms based on mass diffusion of reactants, and thus various alternative mechanisms have been proposed. An example is a mechanochemical mechanism that explains the fast flame propagation based on dispersion of the molten metal core of each nanoparticle and spallation of the oxide shell covering the metal core. 9 Another mechanism is accelerated mass transport of both oxygen and metal atoms due to the large pressure gradient between the metal core and the oxide shell of each metal nanoparticle. 10, 11 In addition, defect-mediated giant diffusivity is important for fast reactions at the nanometer scale. [12] [13] [14] The above mechanisms are by no means exhaustive, and some unexpected ones could operate in NOCs. It is therefore desirable to study the reaction of nanoenergetic materials by first-principles simulations. However, this poses an enormous theoretical challenge, where quantum-mechanical accuracy to describe chemical reactions must be combined with large spatial scales to capture nanostructural effects. Recent developments in linear-scaling density functional theory ͑DFT͒ [15] [16] [17] [18] have set the stage for such large firstprinciples molecular dynamics ͑MD͒ simulation. We have performed divide-and-conquer DFT ͑DC-DFT͒ based MD simulations 15, 18 to study the thermite reaction at an Al/ Fe 2 O 3 interface. The results reveal a concerted metal-oxygen flip mechanism that significantly enhances the rate of redox reactions. This mechanism leads to two-stage reactions-rapid initial reaction due to collective metal-oxygen flips followed by slower reaction based on uncorrelated diffusive motions, which may explain recent experimental observation in thermite nanowire arrays mentioned above. 4 We simulate a stack of Al and Fe 2 O 3 layers involving 1152 ͑144 Fe 2 O 3 + 432 Al͒ atoms in an orthorhombic supercell with dimensions ͑L x , L y , L z ͒ = ͑20.1, 26.2, 28.2 Å͒ with periodic boundary conditions. The hematite ͑Fe 2 O 3 ͒ crystal, cut along ͑0001͒ planes to expose Fe planes, is placed in the supercell with the ͑0001͒ direction parallel to the z direction. The Fe planes of the hematite are attached to ͑111͒ planes of the face-centered cubic Al crystal at the two interfaces. Our DC-DFT method 18 iteratively minimizes the energy functional using a preconditioned conjugate-gradient method 19, 20 to determine electronic wave functions. The grid spacing good convergence of the total energy. We use a normconserving pseudopotentials 21 and a generalized gradient approximation 22 for the exchange-correlation energy. The DC-DFT method divides the system into 960 ͑ =8ϫ 10 ϫ 12͒ domains of dimensions 2.51ϫ 2.62ϫ 2.35 Å 3 . Figure  1 shows the side ͑yz͒ view of the nonoverlapping cores of the domains in the supercell. Each domain is augmented with a buffer layer of depth ϳ2.2 Å to avoid boundary effects. The interatomic forces thus computed quantum mechanically are used to integrate Newton's equations of motion numerically ͑with a time step of 0.84 fs͒ in MD simulations to study atomic motions and chemical reactions. The MD simulations are carried out at temperature 2000 K in the canonical ensemble. The simulation for 5 ps ͑6000 MD time steps͒ took 985 h on 960 ͑3.2 GHz Intel Xeon͒ processors.
Snapshots of the atomic configuration are shown in Fig.  1 , where the side ͑yz͒ views of atomic configuration are displayed. We observe that the oxygen atoms in hematite migrate into the aluminum metal to form aluminum oxide and leaves behind liquid iron. Our DC-DFT simulation thus describes complete thermite reaction, 2Al+ Fe 2 O 3 → Al 2 O 3 + 2Fe.
To study mass diffusivity, Fig. 2 shows mean square displacements of O atoms along the z direction, which are calculated using the simulation data for 0 -3 ps. The solid and dashed lines are obtained from O atoms in the interfacial and Fe-side regions, respectively. Here, the boundary between iron oxide and aluminum oxide at each interface is located by calculating the average z coordinate of Al atoms facing Fe atoms. The interfacial regions are then defined as slabs with a thickness of 4 Å ͑i.e., 2 Å above and below the boundaries͒ parallel to the xy plane as shown in Fig. 1 . Figure 2 shows that O atoms in the interfacial region are much more diffusive than those on the Fe side. The fourfold accelerated diffusion constant perpendicular to the interface is 2 ϫ 10 −4 cm 2 / s in the interfacial region. To understand the mechanism of the enhanced diffusivity at the interface, we have examined the time evolution of the atomic configuration in the interfacial region and found a concerted metal-oxygen flip mechanism. That is, O atoms switch their positions with neighboring Al atoms while diffusing in the z direction. A typical example of such events is shown in Fig. 3 , where the middle panel shows the time evolution of the z coordinates of the O and Al atoms of interest. The O atom moves upward in concert with the Al atom moving downward. The switching motion between the O and Al atoms is shown in the bottom panel of Fig. 3 .
To explain the quantum-mechanical origin of this mechanism, we calculate the bond-overlap population O ij ͑t͒ between ith and jth atoms as a function of time t. 23 We also define the sum of the bond-overlap population ͑SBOP͒ for each oxygen atom. Partial Fe ͑t͒ becomes zero, while O i Al ͑t͒ converges to a finite value, indicating that the oxygen atom is chemically bonded only with Al atoms. The switching motion between O and Al atoms at the interface is thus triggered by the change of chemical bonding associated with these atoms.
To quantify the collective switching motion between O and Al atoms, we calculate the correlation function between the displacements of atoms along the z direction:
where ⌬z i ͑t͒ = z i ͑t + t 0 ͒ − z i ͑t 0 ͒ with z i ͑t͒ being the z coordinate of the ith ion at time t. The brackets mean the average over both the time origin t 0 and atomic pairs ͑i O, j Al͒. In the calculation, atomic pairs whose distance is less than 2.3 Å at t 0 are selected. Since we are interested in the correlation between diffusing O and Al atoms, we include atomic pairs that satisfy the conditions ͉⌬z i ͑t͉͒ Ͼ 2 Å and ͉⌬z j ͑t͉͒ Ͼ 2 Å at t = 2 ps. The results in Fig. 4͑a͒ ͑solid curve͒ reveal negative correlation in d O-Al ͑t͒ for t Ͼ 0.5 ps, which reflects the collective switching motion between O and Al atoms at the interface as shown in Fig. 3 . Such negative correlation does not exist on the Al side ͓see the dashed curve in Fig. 4͑a͔͒ , indicating independent diffusive motions of Al and O atoms.
The enhanced mass diffusivity at the metal-oxide interface leads to a two-stage reaction behavior. In Fig. 4͑b͒ , we plot the position z c ͑t͒ of the reaction front calculated from the coordinates of oxygen atoms at the forefront of oxidation. For t Ͻ 1 ps, z c ͑t͒ increases rapidly as oxygen atoms migrate into the Al side, which is accelerated by the collective switching mechanism. This is followed by a slower reaction due to uncorrelated diffusion of atoms. ͑Though slower than the concerted thermite reaction, the second-stage diffusion here could still be faster than conventional diffusion due to defect-mediated giant diffusivity [12] [13] [14] because of the depletion of O atoms in the near-interface oxides.͒ Such two-stage reactions may be related to the experimental observation in thermite nanowire arrays mentioned before. 4 In summary, our large first-principles MD simulation based on DC-DFT reveals a concerted metal-oxygen flip mechanism that significantly enhances mass diffusivity and the rate of thermite reactions at an Al/ Fe 2 O 3 interface.
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